Thulium and ytterbium-doped titania thin films deposited by MOCVD 
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In this study we synthesized thin films of titanium oxide doped with thulium and/or ytterbium 
to modify the incident spectrum on the solar cells. This could be achieved either by photolumi- 
nescence up-converting devices, or down-converting devices. As down-converter thin films our work 
deals with thulium and ytterbium-doped titanium dioxide. Thulium and ytterbium will act as sen- 
sitizer and emitter, respectively. The rare-earth doped thin films are deposited by aerosol-assisted 
MOCVD using organo-metallic precursors such as titanium dioxide acetylacetonate, thulium and 
ytterbium tetramethylheptanedionate solved in different solvents. These films have been deposited 
on silicon substrates under different deposition conditions (temperature and dopant concentrations 
for example) . Adherent films have been obtained for deposition temperatures ranging from 300°C to 
600°C. The deposition rate varies from 0.1 to 1 um/h. The anatase phase is obtained at substrate 
temperature above 400°C. Further annealing is required to exhibit luminescence and eliminate or- 
ganic remnants of the precursors. The physicochemical and luminescent properties of the deposited 
films were analyzed versus the different deposition parameters and annealing conditions. We showed 
that absorbed light in the near-UV blue range is re-emitted by the ytterbium at 980 nm and by a 
thulium band around 800 nm. 
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I. INTRODUCTION 

Titanium dioxide has received much interest because 
of its various applications: photocatalysis, pigment, 
Transparent Conducting Oxide for photovoltaic appli- 
cations [1 . In this field we focused on doping tita- 
nium dioxide with rare-earths (thulium and ytterbium in 
this work) to study the down-conversion between those 
ions from blue-visible and near-ultraviolet light to near- 
infrared light for solar spectrum engineering. The modi- 
fication of the solar spectrum would allow us to achieve 
better yields for silicon solar cells |S] . Thin films were 
grown using aerosol assisted Metal Oxide Chemical Va- 
por Deposition (MOCVD) method. 



II. EXPERIMENTAL 

Thulium and ytterbium-doped titanium oxide thin 
films were deposited by mean of aerosol assisted Metal 
Oxide Chemical Vapor Deposition method [H 0- Liq- 
uid source solution, were composed of titanium (IV) 
oxide bis (acetylacetonate), Ti02(acac) 2 , thulium (III) 
tris(2,2,6,6-tetramethyl-3,5-heptanedionate) and ytter- 
bium (III)(acac) dissolved in high purity butanol (99%). 
All these precursors were purchased from STREM Chem- 
icals, butanol was purchased from Alfa Aesar. Precursors 
were selected for non-toxicity, good stability at room tem- 
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perature, easy handling, high volatility and low cost [§]. 
The films were deposited on (100) silicon substrate. The 
source solution is delivered to the piezoelectric trans- 
ducer [7] through a constant level burette to ensure a 
constant pulverization during the whole deposition. The 
aerosol was produced by means of a flat piezoelectric 
transducer excited at 800 kHz which generated an ul- 
trasonic beam in a solution containing the reactant of 
the material to be deposited. This ultrasonic spraying 
system guarantees a narrow dispersion of the droplet size 
(4-10 \xm). Droplets are carried with two air fluxes, dried 
and purified, to the heated sample holder, the lower air 
flux (12.7 1/m) assure the main propulsion when the up- 
per air flux (10.1 1/m) lengthen the vapour stay in the 
vicinity of the sample holder. The overall air flow is par- 
allel to the substrate's surface. For the deposition, the 
substrate was fixed by clips on the sample holder heated 
by an electrical resistance with a built-in thermocouple. 

We made different series of samples with varying cation 
concentration in solution. Both Tm-doped, Yb-doped 
and co-doped samples were successfully synthesized. The 
compositions of the doped films were measured by elec- 
tron probe microanalysis (EPMA) and computed by help 
of special software dedicated to the thin film analysis, 
called Stratagem and edited by the SAMx society [5]. 
The properties of the films reported in this paper are de- 
scribed in section 3.2 and summarized in table 1. The 
X-ray diffraction profile was obtained with a Bruker D8 
Advance using Cu Kai radiation in 6/29 configuration. 
Absorption FT-IR spectroscopy was used to study the 
structural evolution of the films versus the deposition 
conditions. Spectra were obtained between 250 and 4000 
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cm~l with 4 cm~l resolution with a Bio-Rad Infrared 
Fourier Transform spectrometer FTS165 and after per- 
forming Si substrate subtraction. Fluorescence and decay 
time measurements were taken using a laboratory-built 
apparatus. It is composed of a tunable laser NT342-10- 
AW from Ekspla, a monochromator TRIAX 190 from 
Jobin Yvon, a photomultiplier C4877 from Hamamatsu 
and a multichannel scaler SR430 from Stanford Research. 
Excitation spectra were taken using a F900 spectrofluo- 
rimeter Edinburgh with a high spectral resolution. A 
Xenon Arc lamp (450 W) is used for the excitation, the 
detector is a photomultiplier Hamamatsu R2658P cooled 
by Peltier effect. 



temperature lower than 400°C are amorphous (Figure [TJ. 
Above 400°C as deposition temperature, the films crys- 
tallize in the anatase phase of titanium oxide. As shown 
on Figure[2]the crystalline quality of the films is improved 
by annealing, first at 500°C for 1 h and then at 800°C for 
1 h. With increasing annealing temperature the anatase 
peaks are becoming higher and thinner. After annealing 
at 800°C undoped samples crystallize in the rutile phase, 
whereas the presence of rare-earth dopants prevents the 
phase transition as reported in [9]. 



B. Composition 



III. RESULTS AND DISCUSSION 



A. Structural properties 
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Figure 1: Crystallization versus deposition temperature. 



350"C as deposited 
iOO'C annealed ! h 
SOO'C annealed Lb 
Anatase JCPDS 004)21-1272 




I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | I I I I | 

20 25 30 35 40 45 50 55 60 

Figure 2: Crystallization effect of annealing. 
As shown by XRD diffraction the samples deposited at 
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Figure 3: Doping versus temperature. 

Due to the reactor's geometry, the thicknesses of the 
sample are not homogeneous on the whole surface but it 
shows a good uniformity on half of it as seen with inter- 
ferential colors depending on their thickness. However 
despite this geometry the doping level is quite uniform 
on the whole surface. We synthesized different samples 
from the same solution at different temperature and the 
electron microprobe measurement showed that the opti- 
mal doping efficiency is obtained at 400°C (Figure In 
this condition the rare-earth precursor reactivity is lower 
than the titanium oxide precursor reactivity. 



C. Luminescence properties 

The emission scan (Figure ^1 were taken exciting at 
330 nm in the TiC>2 matrix (3.2 eV gap) near the 1 Z?2 
level of thulium. On a Tm, Yb co-doped sample we see 



both the Yb 2 F, 



5/2 



- 2 F7/2 transition at 980 nm and the 



Tm i Fi— Hq transition around 800 nm. On mono-doped 
samples (not figured) we only see the respective ion tran- 
sitions. It appears that the absorbed energy is transferred 
through the matrix to the rare-earth dopant ions leading 
to a down-conversion mechanism with thulium and ytter- 
bium. The Yb luminescence is interesting for solar cells 
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Figure 4: Excitation spectrum of a Tm-doped sample (red 
curve) and excitation spectrum of a Yb-doped sample (black 
curve). Spectra were recorded in separate experiments. 
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Table I: Cationic doping and lifetimes of the thulium 



The lifetime of the 3 F4— 3 Hq transition of Tm was mea- 
sured on Tm-doped only and Tm, Yb co-doped samples. 
For Tm-doped only samples we see that the lifetime of 
the transition decreases with the increasing percentage 
of Tm (see Table I]). When we compare co-doped and 
mono-doped samples we see that at a constant level of 
Tm when we increase the percentage of Yb the lifetime 
is decreasing (Figure |6| , leading us to conclude of energy 
transfer between Tm and Yb. The transfer rate was com- 
puted with the relation 1 — t x /t where t x is the lifetime 
of a co-doped sample and r the lifetime of a Tm-doped 
sample with the same concentration, with samples A and 
E this gives a 10% transfer rate. 




. ... . Figure 6: Decay time of Tm,Yb-doped samples, 

rave length (nm) b > r r 



Figure 5: Emission spectrum of a Tm, Yb co-doped sample. 



because it's right before the band gap of the silicon; the 
Tm luminescence is still in the wavelength range of good 
absorption for silicon solar cells. 

The excitations scans (Figure |1| were taken looking 
at the ytterbium 2 F 5 / 2 — 2 F 7 / 2 transition and then the 
thulium 3 i 7 4 — 3 Hq transition. Both transitions are acti- 
vated from the near-UV region between 300 and 350 nm. 
This corroborates the idea of the energy path we have 
between the matrix and the rare-earth ions. 



IV. CONCLUSION 

In summary, we succeeded in doping titanium dioxide 
with thulium and ytterbium by Metal Oxide Chemical 
Vapour and to grow them partially crystallized. After 
proper annealing the luminescence of the samples was 
studied both with excitation and emission scans. The 
luminescence study showed energy transfer between the 
titanium oxide matrix and the rare-earth ions and two 
interesting emission for silicon solar cells. Lifetime mea- 
surements showed the energy exchange between thulium 
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and ytterbium with an estimated transfer rate of 10%. 
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